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►  Graphene  oxide  is  used  as  an  auxil¬ 
iary  binder  in  Ti02  paste. 

►  Graphene  oxide  can  improve  the 
binding  among  the  Ti02 
nanoparticles. 

►  Graphene  oxide  prevents  the 
appearance  of  crack  on  Ti02  films. 

►  High-quality  Ti02  films  can  be 
fabricated  from  Ti02-G0  pastes  via 
single  printing. 

►  Graphene  oxide  effectively  improve 
the  fabrication  of  dye-sensitized 
solar  cells. 
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In  this  paper,  we  report  a  novel  method  to  effectively  fabricate  the  mesoporous  Ti02  films  of  dye- 
sensitized  solar  cells  (DSCs)  by  formulating  new  Ti02  pastes.  Graphene  oxide  (GO)  is  added  into  Ti02 
nanoparticles  pastes  as  an  auxiliary  binder.  Thick  mesoporous  Ti02  films  free  of  crack  can  be  prepared  by 
only  single  printing.  Ti02-G0  pastes  and  films  were  characterized  by  dynamic  mechanical  analysis,  X-ray 
photoelectron  spectroscopy  (XPS),  scanning  electron  microscopy  (SEM),  X-ray  diffraction  (XRD),  ther- 
mogravimetric  analysis  (TGA),  and  FTIR  spectroscopy.  Ti02  pastes  added  with  GO  exhibit  gel  behavior.  GO 
helps  bind  Ti02  nanoparticles  together  through  the  interactions  between  functional  groups  on  GO  and 
the  surface  species  of  Ti02  nanoparticles.  The  presence  of  0.8  wt.%  GO  in  the  Ti02  paste  (GO  weight 
percentage  with  respect  to  the  weight  of  Ti02)  is  sufficient  to  fabricate  thick  and  crack-free  Ti02  films  via 
single  printing.  These  mesoporous  Ti02  films  fabricated  from  the  Ti02-G0  pastes  are  investigated  as  the 
anode  of  DSCs.  They  can  give  rise  to  a  power  conversion  efficiency  (PCE)  of  7.70%  for  DSCs  under  AM1.5G 
illumination,  which  is  almost  the  same  as  that  of  control  devices  with  the  Ti02  mesoporous  electrode 
fabricated  from  the  conventional  Ti02  paste  without  GO  via  four-fold  printings. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSCs)  have  attracted  considerable 
attention  due  to  their  low  fabrication  cost  and  decent  power 
conversion  efficiency  (PCE)  [1—8].  PCE  of  more  than  12%  have  been 
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reported  for  DSCs  under  AM1.5  illumination.  They  are  regarded  as 
the  next-generation  solar  cells.  A  DSC  is  a  photoelectrochemical 
device  which  comprises  of  a  mesoporous  TiC^  photoanode 
anchored  with  a  monolayer  of  dye  molecules,  an  electrolyte  con¬ 
taining  redox  species  (e.g.  r/ 13  redox  couple)  and  a  catalytic 
counter  electrode.  The  working  principle  of  a  DSC  includes  five 
major  steps:  (1)  photon  absorption  by  the  dye  molecules  and  the 
simultaneous  excitation  of  electrons;  (2)  electron  injection  from 
the  excited  dye  molecules  into  the  Ti02  photoanode;  (3)  electron 
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transport  across  the  mesoporous  TiC^  film  to  external  circuit;  (4) 
dye  regeneration  by  obtaining  electrons  from  the  redox  species  in 
the  electrolyte;  and  (5)  migration  of  redox  species  to  the  counter 
electrode  and  the  regeneration  of  the  redox  species  on  the  catalytic 
counter  electrode.  The  mesoporous  TiC^  anode  plays  an  important 
role  in  the  photon-to-electricity  conversion.  Its  quality  affects  the 
loading  of  the  dye  molecules,  the  electron  injection  from  the  dye 
molecules  to  the  Ti02  nanoparticles,  and  the  electron  transport 
across  the  Ti02  film  to  the  external  circuit  [9-12].  A  high  loading  of 
dye  molecules  on  TiC^  is  needed  to  harvest  more  light,  which 
requires  a  thick  mesoporous  Ti02  film.  The  conventional  process  to 
fabricate  a  mesoporous  Ti02  film  is  through  the  wet  chemical  sol- 
gel  process  [13-20].  The  final  step  of  the  sol-gel  process  to  obtain 
a  mesoporous  Ti02  film  involves  the  sintering  at  high  temperature. 
At  this  step,  remarkable  shrinkage  occurs  when  the  gel  dries  up  and 
the  Ti02  nanoparticles  convert  to  a  continuous  mesoporous  Ti02 
film.  The  shrinkage  causes  tensile  stress  to  build  up  in  the  TiC^  film, 
which  can  lead  to  the  occurrence  of  cracks  on  the  Ti02  layer  and  de¬ 
lamination  from  the  underlying  substrate  when  a  thick  Ti02  layer  is 
coated  [21-24].  Hence,  it  is  a  challenge  to  fabricate  a  Ti02  film 
thicker  than  1  pm  via  single  coating  by  the  sol-gel  technique 
[25,26]. 

In  order  to  fabricate  thick  Ti02  films,  organic  molecules,  such  as 
ethylcellulose  [27-29]  and  ethylene  glycol  [30-32],  are  added  as 
binders  to  formulate  the  Ti02  pastes.  The  chemical  structures  of 
ethylcellulose  and  ethylene  glycol  are  shown  in  Scheme  1.  The 
weight  percentages  are  usually  50-500  wt.%  and  200-450  wt.% 
with  respect  to  the  Ti02  weight  for  ethylcellulose  and  ethylene 
glycol,  respectively.  The  principle  of  the  binders  is  related  to  the 
interactions  between  the  surface  species  like  -OH  groups  on  the 
Ti02  nanoparticles  and  the  hydroxyl  groups  of  the  binder  mole¬ 
cules.  Upon  dehydration  by  heat  treatment,  the  Ti02  nanoparticles 
bind  together  through  the  formation  of  Ti— O-R— O-Ti  bonds  with 
R  as  the  functional  group  of  the  binder.  The  binder  can  reduce  the 
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Scheme  1.  Structures  of  (a)  ethylene  glycol,  (b)  ethyl  cellulose  and  (c)  GO. 


tensile  stress  built  up  in  the  Ti02  films  during  the  sintering  and 
prevent  the  occurrence  of  crack  and  de-lamination,  so  that  thick 
Ti02  films  can  be  fabricated  [34-36].  Despite  the  presence  of 
binders  in  the  Ti02  paste,  at  least  three-  or  four-fold  screen-print¬ 
ings  [34]  or  two-fold  doctor  blade  printings  [33]  are  needed  to 
fabricate  crack-free  Ti02  films  with  a  thickness  of  10-15  pm  that  is 
the  optimal  thickness  for  the  Ti02  film  of  DSCs.  Screen  printing  and 
doctor  blade  printing  techniques  are  simple  and  have  advantage  of 
low  cost.  They  are  often  used  for  the  fabrication  of  the  mesoporous 
Ti02  layer  of  DSCs.  If  the  fabrication  of  thick  Ti02  films  can  be 
achieved  via  only  single  printing,  the  device  fabrication  will  be 
more  effective  and  labour  cost  for  device  fabrication  can  be 
reduced. 

In  this  paper,  we  report  the  modification  of  conventional  Ti02 
pastes  with  the  addition  of  small  amount  of  graphene  oxide  (GO) 
as  auxiliary  binder.  This  work  is  different  from  those  reporting  the 
application  of  graphene  in  DSCs  in  literature.  Yang  et  al.  [37] 
blended  graphene  into  the  mesoporous  Ti02  layer  of  DSCs  and 
found  that  the  presence  of  graphene  could  improve  the  PCE  of 
DSCs  from  5.01%  to  6.97%.  Tang  et  al.  [38]  also  observed  that  gra¬ 
phene  could  facilitate  the  electron  transport  through  the  Ti02  layer 
of  DSCs  and  it  improved  the  photovoltaic  efficiency  of  DSCs  from 
0.32%  to  1.68%.  Ahmad  et  al.  [39]  used  graphene  as  an  additive  in 
ionic  liquid  for  DSCs  and  observed  that  the  presence  of  graphene  in 
ionic  liquid  electrolyte  could  improve  the  PCE  of  DSCs  from  0.16% 
to  2.10%.  Graphene  as  a  carbon  nanomaterial  can  catalyze  the 
regeneration  of  the  redox  species  in  DSCs  like  carbon  nanotubes, 
carbon  fibers  and  active  carbon  [2,6,40-44].  It  was  thus  investi¬ 
gated  as  the  counter  electrode  of  DSCs  [45-51  ].  The  photovoltaic 
performance  of  DSCs  with  graphene  as  the  counter  electrode  can 
be  close  to  that  of  the  control  DSCs  with  Pt  as  the  counter  elec¬ 
trode.  Different  from  those  works  exploiting  the  conductive  and 
electrocatalytic  properties  of  graphene  for  DSCs,  we  use  GO  as  an 
auxiliary  binder  to  improve  the  fabrication  efficiency  of  the  mes¬ 
oporous  Ti02  layer,  because  GO,  whose  chemical  structure  is 
shown  in  Scheme  lc,  has  a  two-dimensional  structure  with 
numerous  hydroxyl  and  carboxylic  groups  [52-55].  The  presence 
of  only  0.8  wt.%  GO  in  Ti02  paste  can  give  rise  to  thick  and  crack- 
free  mesoporous  Ti02  films  via  single  coating.  DSCs  with  meso¬ 
porous  Ti02  films  fabricated  from  the  Ti02  pastes  added  with  GO 
can  exhibit  a  PCE  of  7.70%.  Hence,  this  method  using  GO  as  auxil¬ 
iary  binder  in  Ti02  paste  can  significantly  reduce  the  fabrication 
cost  of  DSCs. 

2.  Experimental 

2.1.  Materials 

Ti02  pastes,  DSL  18  NR-T  (20  nm)  and  WER2-0  (350-450  nm), 
were  purchased  from  Dyesol.  Ruthenium  535-bis  TBA  (N719)  dye 
and  Surlyn  (ionomer  films  of  25  pm  thick)  were  obtained  from 
Solaronix  SA.  P25  Ti02  powder  ( -21  nm  particle  size,  >99.5%  trace 
metals  basis),  l-methyl-3-propylimidazolium  iodide  (PMII)  (purity 
>98%),  4-tert-butylpyridine  (TBP)  (purity  =  99%),  tert-butanol 
anhydrous  (purity  >99.5%),  chloroplatinic  acid  hexahydrate 
(H2PtCl6),  iodine  (purity  =  99.8%),  acetonitrile  (purity  =  99%),  ethyl 
cellulose  (contains  48-49.5%  -OC2H5  groups),  a-terpineol  (purity 
>96%),  sodium  nitrate  (purity  >99%),  potassium  permanganate, 
hydrogen  peroxide  solution,  98%  sulfuric  acid  and  37%  hydrochloric 
acid  were  supplied  by  Sigma  Aldrich.  Valeronitrile  (purity  =  99%) 
and  guanidinium  thiocynate  (purity  =  99%),  were  obtained  from 
Fluka.  Natural  graphite  powder  (SP-1  graphite,  purity  >99.99%) 
with  an  average  particle  size  of  -30  pm  was  purchased  from  the 
Bay  Carbon  Inc.  Titanium  tetrachloride  (TiCl4)  was  obtained  from 
Merck.  All  chemicals  were  used  as  received. 
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2.2.  Preparation  of  GO 

GO  was  prepared  through  a  modified  Hummer’s  process  [56- 
GO].  In  a  typical  experiment,  1  g  graphite  powder  was  mixed  with 
1  g  sodium  nitrate  in  48  mL  98%  sulfuric  acid.  6  g  potassium 
permanganate  (VII)  was  gradually  added  into  the  mixture  under 
vigorous  stirring.  This  mixture  was  stirred  in  an  ice  bath  for  90  min 
and  subsequently  in  a  water  bath  at  35  °C  for  2  h.  Then,  40  mL 
deionized  water  was  dropwise  added  over  30  min,  and  the 
temperature  of  the  mixture  rose  to  90  °C  thereafter.  100  mL 
deionized  water  and  10  mL  30%  hydrogen  peroxide  solution  were 
added.  GO  was  collected  by  centrifugation.  It  was  repeatedly  rinsed 
with  5%  HC1  solution  and  successively  with  deionized  water  until 
the  solution  became  neutral.  Finally,  GO  was  frozen  with  liquid 
nitrogen  and  freeze-dried  with  a  Labconco  Freezone  freeze  drier  for 
two  days. 

2.3.  Formulation  of  Ti02-G0  pastes 

Two  types  of  Ti02  pastes  were  used  to  formulate  the  Ti02-GO 
pastes.  One  is  the  commercial  Dyesol  DSL  18  NR-T  Ti02  paste.  GO 
was  mixed  with  it  by  mechanical  grinding  in  an  agate  mortar  for 
1  h.  These  Ti02-GO  pastes  are  mainly  used  for  the  fabrication  of 
mesoporous  Ti02  films  for  DSCs  in  this  research  work. 

Home-made  Ti02  pastes  were  also  used  to  prepare  Ti02-GO 
pastes.  The  home-made  Ti02  pastes  were  prepared  according  to 
literature  [28,34].  More  specifically,  the  Ti02-GO  pastes  were 
prepared  by  the  following  process.  At  first,  6  g  P25  Ti02  nano¬ 
particles  was  mixed  with  1  mL  acetic  acid,  and  the  mixture  was 
ground  in  an  agate  mortar  for  5  min.  5  mL  water  was  slowly  added, 
and  the  mixture  was  further  ground  for  5  min.  30  mL  ethanol  was 
subsequently  slowly  added,  and  the  mixture  was  ground  for  20  min 
again.  Then,  the  mixture  was  mixed  with  100  mL  ethanol  and 
vigorously  stirred  for  3  min.  20  g  a-terpineol  was  subsequently 
added  into  the  mixture  under  vigorous  stir,  a-terpineol  serves  as 
a  cosolvent  to  stabilize  the  paste.  Finally,  3  g  ethylcellulose  and 
30  mL  ethanol  dispersed  with  GO  were  added  into  the  mixture. 
After  the  removal  of  ethanol  by  the  rotary  evaporation,  the  mixture 
was  ground  with  a  three-roller  mill.  ATi02-GO  paste  was  obtained. 
These  Ti02-GO  pastes  were  mainly  used  for  the  characterizations 
of  the  pastes  and  Ti02  films. 

2.4.  Fabrication  of  DSCs 

DSCs  were  fabricated  through  the  conventional  process  [34]. 
Fluorine-doped  tin  oxide  (FTO)  glass  substrates  were  cleaned 
successively  with  detergent,  deionized  water,  acetone  and  iso- 
propanol.  Each  cleaning  step  was  carried  out  in  an  ultrasonic  bath 
for  15  min.  The  cleaned  FTO  glasses  were  immersed  in  40  mM  TiCU 
at  70  °C  for  30  min  and  subsequently  rinsed  with  deionized  water 
and  ethanol.  The  Ti02  working  electrode  consists  of  a  13  pm-thick 
mesoporous  Ti02  film  fabricated  from  the  Ti02-GO  pastes  formu¬ 
lated  by  adding  GO  into  the  commercial  Dyesol  DSL  18  NR-T  paste 
and  a  2  pm-thick  scattering  layer  of  Ti02  (Dyesol  WER2-0)  on  FTO 
glass.  The  mesoporous  Ti02  films  were  fabricated  through  the 
following  process.  At  first,  a  thick  Ti02  layer  was  deposited  on  FTO 
glass  by  coating  the  Ti02-GO  paste  via  single  doctor  blade  printing. 
After  drying  at  125  °C  for  6  min,  Dyesol  WER2-0  Ti02  pastes  was 
coated  on  the  Ti02  layer  via  doctor  blade.  Then,  the  Ti02-GO  layer 
together  with  the  Dyesol  WER2-0  Ti02  layer  were  heated  in  air  at 
325  °C  for  5  min,  375  °C  for  5  min,  450  °C  for  15  min  and  500  °C  for 
15  min.  Finally,  they  were  immersed  in  40  mM  TiCL*  aqueous 
solution  at  70  °C  for  30  min.  They  were  rinsed  successively  with 
deionized  water  and  ethanol,  and  subsequently  sintered  at  500  °C 
for  30  min.  After  cooling  down  to  80  °C,  the  Ti02  work  electrodes 


were  immersed  into  0.5  mM  N719  dye  solution  in  acetonitrile/tert- 
butanol  (volume  ratio  =  1:1)  for  24  h.  The  dye-impregnated  Ti02 
electrode  was  assembled  with  a  counter  electrode,  and  they  were 
sealed  with  a  Solaronix  polymer  melt  of  25  pm  in  thickness.  The 
counter  electrode  was  fabricated  through  the  pyrolysis  of  0.2  M 
H2PtCl6  in  ethanol  on  FTO  glass  at  400  °C  for  15  min.  The  cells  were 
filled  with  an  electrolyte  comprising  0.6  M  PMII,  0.03  M  U,  0.1  M 
guanidine  thiocynate,  and  0.5  M  TBP  in  acetonitrile/valeronitrile 
(volume  ratio  =  85:15)  cosolvent. 

2.5.  Characterization  of  materials  and  DSCs 

Dynamic  mechanical  analyses  were  carried  out  using  a  Rheo- 
metric  Scientific  Advanced  Rheometric  Expansion  system  (ARES) 
with  the  dynamic  mode.  The  cone  diameter  and  cone  angle  were 
2.5  cm  and  0.04  rad,  respectively.  The  X-ray  photoelectron  spectra 
(XPS)  were  collected  with  an  Axis  Ultra  DLD  X-ray  photoelectron 
spectrometer  equipped  with  an  A1  Ka  X-ray  source  (1486.6  eV).  The 
resolutions  were  1  eV  and  0.05  eV  for  the  XPS  survey  and  fine  scans, 
respectively.  The  CasaXPS  version  2.3.14  software  was  used  to 
subtract  the  Shirley  background,  analyze  the  composition  of  the 
materials  and  deconvolute  the  XPS  peaks.  The  X-ray  diffraction 
(XRD)  patterns  were  measured  with  an  Advance  D8  XRD  by  Bruker. 
The  FTIR  spectra  were  acquired  with  a  Varian  3100  FTIR  spectra.  The 
atomic  force  microscopic  (AFM)  and  scanning  electron  microscope 
(SEM)  images  were  taken  using  a  Veeco  Nanoscope  IV  Multi-Mode 
AFM  with  the  tapping  mode  and  a  Zeiss  Supra  40  field  emission 
scanning  microscope,  respectively.  Thermogravimetric  analyses 
(TGA)  were  performed  with  a  Du  Pont  2950  TGA.  The  samples  were 
heated  up  to  600  °C  at  a  rate  of  10  °C  min-1  under  a  constant  air 
flow  of  60  cm3  min-1.  The  thicknesses  of  the  Ti02  films  were 
determined  using  a  Tencor  P-10  Alpha-Step  profiler. 

The  photovoltaic  performances  of  DSCs  were  measured  with 
a  computer-programmed  Keithley  2400  source/meter  under 
a  Newport’s  Oriel  class  A  solar  simulator,  which  simulated  the 
AM1.5G  illumination  (100  mW  cm-2)  and  was  certified  to  the  JIS  C 
8912  standard.  A  circular  mask  with  a  diameter  of  5.2  mm  was 
placed  on  each  DSC  during  the  tests. 

3.  Results  and  discussions 

3.1.  Characterization  of  Ti02— GO  pastes 

Concentrated  sulfuric  acid  and  potassium  permanganate  (VII) 
are  strong  oxidants.  They  can  oxidize  graphite  into  graphite  oxide. 
Graphite  oxide  exfoliates  into  GO  in  water.  Fig.  1  shows  the  FTIR 
spectrum  of  GO.  The  FTIR  bands  at  1733, 1412, 1226  and  1060  cm-1 
correspond  to  the  vibration  modes  of  C]0,  O-H,  C-OH  and  C-O, 


Wavenumber  (cm'1) 


Fig.  1.  FTIR  spectrum  of  GO. 


164 


C.Y.  Neo,J.  Ouyang  /  Journal  of  Power  Sources  222  (2013)  161-168 


respectively  [61,62].  They  confirmed  the  chemical  structure  of  GO 
as  shown  in  Scheme  lc. 

Fig.  2  shows  an  SEM  image  of  GO  sheets  on  substrate.  It  indi¬ 
cates  that  the  GO  sheets  are  generally  less  than  10  pm.  Large  GO 
sheets  were  investigated  by  AFM  to  understand  the  thickness  of  an 
individual  GO  sheet  (Fig.  3).  The  GO  sheet  has  a  thickness  of 
0.63  nm,  which  is  comparable  to  that  reported  in  literatures 
[37,53]. 

Due  to  the  presence  of  the  functional  groups,  GO  can  be 
dispersed  in  water  and  polar  organic  solvents.  It  can  mix  well  with 
Ti02  pastes.  We  studied  the  dynamic  mechanical  properties  of  Ti02 
pastes  added  with  GO  as  the  auxiliary  binder.  Owing  to  the  concern 
on  the  possible  usage  of  unknown  materials  in  commercial  Ti02 
pastes,  we  prepared  the  Ti02-G0  pastes  according  to  literature 
[28,34].  Fig.  4  illustrate  Ti02  pastes  with  and  without  GO.  GO  turns 
the  color  of  the  Ti02  paste  from  white  to  grey. 

Fig.  5  presents  the  dynamic  mechanical  analyses  of  the  Ti02 
paste  without  GO  and  the  TiO2-0.8  wt.%  GO  paste.  The  GO  weight 
percentage  is  referred  to  the  weight  of  Ti02.  The  storage  (G')  and 
loss  (G")  moduli  are  plotted  against  the  angular  frequency  at  two 
strains  of  1%  and  10%.  G'  and  G"  are  related  to  the  elastic  and  viscous 
properties  of  the  materials,  respectively  [63,64].  For  an  ideal  elastic 
solid,  the  applied  energy  is  elastically  stored,  while  the  loss 
modulus  is  zero.  On  the  other  hand,  the  applied  energy  is  totally 
lost  as  heat,  whereas  the  storage  modulus  is  zero  for  an  ideal 
viscous  fluid.  The  presence  of  GO  significantly  affects  the  dynamical 
mechanical  behavior  of  the  Ti02  paste.  The  G'  and  G"  values  of  the 
Ti02  paste  without  GO  are  close  in  the  low  frequency  regime  at  both 
strains,  and  G"  is  greater  than  G'  in  the  high  frequency  regime. 


a 


Fig.  4.  P25  home-made  Ti02  pastes  (a)  with  and  (b)  without  0.8  wt.%  GO. 

These  results  indicate  that  the  Ti02  paste  without  GO  behaves  as 
a  viscous  fluid.  In  contrast,  G'  is  always  greater  than  G"  in  the  whole 
frequency  range  at  both  strains  for  the  Ti02-G0  paste.  Thus,  GO 
turns  the  Ti02  paste  into  a  gel. 


Fig.  3.  AFM  image  of  GO  sheets. 


b 


Fig.  5.  Dynamic  mechanical  analyses  of  P25  home-made  Ti02  pastes  with  (squares) 
and  without  (dots)  0.8  wt.%  GO  at  applied  strains  of  (a)  1%  and  (b)  10%.  G'  and  G"  are 
storage  and  loss  moduli,  respectively. 


C.Y.  Neo,J.  Ouyang  /  Journal  of  Power  Sources  222  (2013)  161-168 


165 


The  moduli  are  parameters  against  the  deformation  of  materials. 
The  increase  in  G'  and  G"  of  the  Ti02  paste  by  GO  manifests  that  GO 
can  improve  the  binding  among  Ti02  nanoparticles.  Presumably,  it 
is  related  to  the  functional  groups,  including  -OH  and  -COOH,  of 
GO.  These  groups  can  form  hydrogen  bonds  with  the  surface 
species  like  -OH  of  Ti02  nanoparticles. 

3.2.  Fabrication  of  mesoporous  Ti02  films 

GO  has  similar  effect  on  the  dynamic  mechanical  behavior  of 
commercial  Ti02  pastes.  The  Ti02  pastes  added  with  different 
percentages  of  GO  were  used  for  the  fabrication  of  mesoporous  Ti02 
films  on  FTO  glass.  The  Ti02  films  presented  in  Fig.  6a— d  were 
fabricated  via  single  doctor  blade  printing  and  subsequent  sinter¬ 
ing.  The  Ti02  films  were  impregnated  with  N719  dye  to  improve  the 
color  contrast  of  the  pictures,  as  the  mesoporous  Ti02  films  were 
semi-transparent.  Though  each  Ti02  layer  prepared  by  doctor  blade 
is  uniform  and  continuous,  the  Ti02  films  fabricated  from  the  Ti02 
paste  without  GO  and  the  TiO2-0.3  wt.%  GO  paste  are  discontin¬ 
uous,  while  Ti02  pastes  with  0.8  wt.%  and  more  GO  can  give  rise  to 
crack- free  continuous  Ti02  films  after  the  sintering  at  500  °C  for 
45  min.  They  had  a  thickness  of  ~13  pm.  The  success  rate  of 
attaining  thick  and  crack-free  Ti02  films  from  Ti02— 0.8  wt.%  GO 
paste  is  80-90%. 

The  effect  of  GO  on  the  quality  of  the  Ti02  films  is  remarkable. 
Ti02  films  fabricated  from  Ti02  paste  without  GO  via  two-  and 
three-fold  doctor  blade  printings  are  discontinuous  and  do  not 
cover  the  whole  area  of  the  substrates  (Fig.  6e  and  f).  The  thickness 
of  each  doctor  blade  printing  via  the  two-  and  three-fold  printings 
is  approximately  6  pm  and  4  pm,  respectively,  so  that  the  two  Ti02 
films  have  almost  the  same  thickness  of  13  pm.  The  Ti02  layer  was 
sintered  at  125  °C  for  6  min  after  each  print.  After  all  the  prints,  the 
Ti02  layer  was  finally  heated  in  air  at  325  °C  for  5  min,  375  °C  for 
5  min,  450  °C  for  15  min  and  500  °C  for  15  min.  The  cracks  are 
ascribed  to  the  tensile  stress  in  the  Ti02  films  during  the  sintering 
due  to  the  shrinkage  of  the  films.  When  the  TiC^  films  cannot 
contain  the  stress,  cracks  will  occur.  This  stress  increases  with  the 
increasing  thickness  of  the  films.  The  Ti02  films  were  heated  at 


Fig.  7.  XRD  spectra  of  mesoporous  Ti02  films  fabricated  from  commercialized  DYESOL 
DSL  18  NR-T  Ti02  pastes  with  and  without  0.8  wt.%  GO.  A  signifies  the  anatase  phase, 
and  R  stands  for  the  rutile  phase. 

125  °C  after  each  print  to  partially  relieve  the  stress  within  the  Ti02 
films  before  the  next  print.  We  found  that  a  crack-free  Ti02  film  of 
13  pm  thick  could  be  fabricated,  only  when  it  was  prepared  via 
a  four-fold  printing.  When  the  Ti02  films  of  13  pm  thick  are  fabri¬ 
cated  from  Ti02  paste  without  GO  via  one-,  two-  and  three-  fold 
doctor  blade  printings,  the  thickness  by  each  print  is  so  large  that 
cracks  appear  and  Ti02  films  do  not  cover  the  whole  substrate  after 
sintering  at  500  °C. 

The  crystallinity  of  the  mesoporous  Ti02  films  fabricated  from 
Ti02  pastes  with  and  without  GO  was  studied  by  XRD  (Fig.  7).  The 
XRD  band  of  anatase  (004)  is  the  strongest  for  both  Ti02  films. 
There  is  no  appreciable  effect  of  GO  on  the  anatase  phase  and  the 
crystallinity  of  the  mesoporous  Ti02  films. 

The  morphology  of  the  Ti02  films  fabricated  from  Ti02  pastes 
with  and  without  0.8  wt.%  GO  was  studied  by  SEM.  The  Ti02  film 
fabricated  from  Ti02  paste  without  GO  was  deposited  via  a  four-fold 
screen-printings,  whereas  the  Ti02  film  fabricated  from  Ti02  paste 
with  0.8  wt.%  GO  was  deposited  by  single  doctor  blade  printing.  As 
shown  in  Fig.  8,  both  Ti02  films  have  almost  the  same  morphology 
without  any  appreciable  difference. 


Fig.  6.  Dye-impregnated  mesoporous  Ti02  films  on  FTO  glass  fabricated  from  commercialized  DYESOL  DSL  18  NR-TTi02  pastes  added  with  (a)  2  wt.%,  (b)  0.8  wt.%,  (c)  0.3  wt.%  and 
(d)  0  wt.%  GO  via  single  doctor  blade  printing.  Dye-impregnated  mesoporous  Ti02  films  fabricated  from  the  commercialized  DYESOL  DSL  18  NR-T  Ti02  paste  without  GO  via  (e)  two- 
and  (f)  three-fold  doctor  blade  printings.  The  Ti02  films  were  obtained  after  coating  and  subsequently  sintering  at  500  °C  for  30  min.  The  Ti02  films  were  impregnated  with  N719 
dye  to  improve  the  color  contrast. 
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Fig.  8.  SEM  images  of  mesoporous  Ti02  films  fabricated  from  commercialized  DYESOL 
DSL  18  NR-T  Ti02  pastes  (a)  without  and  (b)  with  0.8  wt.%  GO. 


The  compositions  of  mesoporous  Ti02  films  fabricated  from  Ti02 
pastes  with  and  without  0.8  wt.%  GO  were  analyzed  by  XPS.  As 
shown  in  Fig.  9,  the  addition  to  GO  to  the  Ti02  paste  has  no  effect  on 
the  Ti  2p  XPS  bands  of  the  mesoporous  Ti02  film.  This  implies  that 
there  is  no  chemical  reaction  between  Ti02  and  GO. 

Fig.  10  presents  the  Cls  XPS  bands  of  mesoporous  Ti02  films 
fabricated  from  the  Ti02  pastes  with  and  without  0.8  wt.%  GO.  The 
Cls  XPS  band  for  the  Ti02  film  fabricated  from  the  Ti02-0.8  wt.% 
GO  paste  is  more  intense  than  that  from  the  Ti02  paste  without 
GO.  The  difference  indicates  the  remaining  of  GO  decomposition 
product  in  the  Ti02  film  after  the  sintering.  The  XPS  spectra  suggest 
that  GO  decomposition  product  remaining  in  the  Ti02  film  is 
approximately  0.1  wt.%  (C  with  respect  to  Ti02). 

TGA  was  carried  out  on  GO  to  understand  the  decomposition  of 
GO  during  the  sintering.  Fig.  11  presents  the  TGA  curve  of  GO  in  air 
from  100  °C  to  600  °C  at  a  heating  rate  of  10  °C  min-1.  There  are  two 
decomposition  processes.  The  one  at  about  200  °C  is  due  to  the 
pyrolysis  of  oxygen-containing  functional  groups  [38,45],  while  the 


Fig.  10.  C  Is  XPS  spectra  of  mesoporous  Ti02  films  fabricated  from  commercialized 
DYESOL  DSL  18  NR-T  Ti02  pastes  with  and  without  0.8  wt.%  GO. 


other  one  at  about  550  °C  is  the  oxidation  of  sp2  hybridized  carbon 
atoms  [37]. 

The  remaining  weight  is  about  50%  at  500  °C  in  terms  of  the  TGA 
curve  as  shown  in  Fig.  11a.  But  the  heating  condition  for  this  TGA 
curve  is  different  from  the  sintering  of  Ti02-G0  pastes.  GO  was  also 
heated  from  100  to  500  °C  and  then  held  isothermally  at  500  °C  for 
45  min,  which  were  close  to  the  sintering  conditions  (Fig.  lib).  The 
remnant  weighs  about  8.5%  of  the  original  GO  sample.  This  is 
consistent  with  the  XPS  study  on  the  mesoporous  Ti02  films. 

The  Cls  band  of  the  Ti02  film  fabricated  from  the  Ti02-0.8  wt.% 
GO  paste  is  broader  than  that  of  the  film  fabricated  from  the  Ti02 
paste  without  GO  (Fig.  10).  It  is  also  remarkably  different  from  that 
of  GO,  whereas  it  is  close  to  that  of  reduced  GO  prepared  from  GO 
by  chemical  reduction  with  Zn  (Fig.  12)  [39,59].  The  XPS  spectra 
indicate  that  most  of  the  functional  groups  of  GO  are  removed 
during  the  sintering  of  Ti02-G0  pastes. 


Fig.  9.  Ti  2p  XPS  spectra  of  mesoporous  Ti02  films  fabricated  from  commercialized  Fig.  11.  TGA  curves  of  (a)  GO  heated  from  100  to  600  °C  in  air  and  (b)  GO  heated  from 

DYESOL  DSL  18  NR-T  Ti02  pastes  with  and  without  0.8  wt.%  GO.  100  to  500  °C  in  air  and  then  held  isothermally  at  500  °C  for  45  min. 
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a 


Fig.  12.  C  Is  XPS  spectra  of  (a)  GO  and  (b)  rGO. 


3.3.  Photovoltaic  performance  ofDSCs 

Mesoporous  TiC^  films  fabricated  from  the  Ti02-G0  pastes 
were  used  as  the  anode  of  DSCs.  A  light  scattering  Ti02  layer 
(WER2-0)  was  coated  on  the  mesoporous  Ti02  layer  by  doctor 
blade  to  improve  the  light  harvest.  The  fabrication  of  the  light 
scattering  TiCh  layer  does  not  introduce  any  crack  to  the  underlying 
mesoporous  TiC^  layer.  Fig.  13  presents  the  current  density  (J)— 
voltage  (V)  curve  of  a  DSC  with  the  mesoporous  TiC^  anode  fabri¬ 
cated  from  TiO2-0.8  wt.%  GO  paste  via  single  coating.  The  J—V  curve 
of  a  control  device  with  the  mesoporous  Ti02  anode  fabricated  from 
the  conventional  Ti02  paste  is  also  presented.  The  mesoporous  Ti02 
anode  of  the  control  device  was  fabricated  via  four-fold  doctor 


Fig.  13.  Current  density  (J)-  Voltage  (V)  curves  of  DSCs  with  the  Ti02  anodes  fabricated 
from  Ti02  and  TiO2-0.8  wt.%  GO  pastes.  The  Ti02  paste  used  was  commercialized 
DYESOL  DSL  18  NR-T  Ti02  paste.  The  mesoporous  Ti02  film  from  the  Ti02-G0  paste 
was  fabricated  via  single  coating,  while  that  from  the  Ti02  paste  without  GO  was 
fabricated  via  four-fold  coatings. 


Table  1 

Photovoltaic  performance  of  DSCs  with  the  Ti02  anodes  fabricated  from  Ti02  and 
Ti02-G0  pastes.  The  Ti02  paste  used  was  commercialized  DYESOL  DSL  18  NR-T  Ti02 
paste.  The  mesoporous  Ti02  film  from  the  Ti02— GO  paste  was  fabricated  via  single 
doctor  blade  printing,  while  that  from  the  Ti02  paste  without  GO  was  fabricated  via 
four-fold  doctor  blade  printings. 


Pastes 

Jsc  (mA  cm  2) 

Voc  (V) 

FF 

PCE  (%) 

Ti02 

13.31 

0.77 

0.76 

7.76 

Ti02-0.8  wt.%  GO 

13.57 

0.76 

0.75 

7.70 

blade  printings.  The  two  Ti02  anodes  fabricated  from  the  Ti02 
pastes  with  and  without  GO  had  approximately  the  same  thickness 
of  13  pm.  The  photovoltaic  performances,  including  the  short 
circuit  current  (/sc),  open-circuit  voltage  (Voc),  fill  factor  (FF)  and 
PCE,  are  summarized  in  Table  1.  The  DSC  with  the  Ti02  fabricated 
from  the  Ti02-G0  paste  exhibits  a  PCE  of  7.70%,  which  is  the  almost 
same  as  that  of  the  control  DSC.  The  yield  of  high-performance 
DSCs  using  the  Ti02-G0  paste  is  about  80-90%,  almost  the  same 
as  that  using  the  conventional  Ti02  paste  without  GO. 

We  also  investigated  DSCs  with  the  mesoporous  Ti02  anode 
fabricated  from  the  conventional  Ti02  paste  via  one-,  two-  or  three¬ 
fold  doctor  blade  printings  for  comparison.  But  these  DSCs  did  not 
work  because  the  Ti02  films  either  were  discontinuous  or  had 
cracks.  The  cracks  are  attributed  to  the  high  stress  built  up  within 
the  Ti02  films  as  a  result  of  the  shrinkage  of  the  films  during  sin¬ 
tering  at  500  °C.  Although  we  mentioned  that  a  thick  mesoporous 
Ti02  film  could  be  fabricated  via  two-fold  doctor  blade  printings  in 
the  Introduction  of  this  paper,  it  requires  a  thin  pre-coated  TiC^ 
layer  as  a  seed  layer  on  FTO  glass.  No  thin  Ti02  seed  layer  is  used  for 
the  fabrication  of  thick  mesoporous  Ti02  films  from  Ti02— GO 
pastes  in  this  work.  Hence,  using  small  amount  of  GO  as  the 
auxiliary  binder  in  Ti02  pastes  can  effectively  improve  the  fabri¬ 
cation  of  the  mesoporous  Ti02  anode  whereas  it  does  not  affect  the 
photovoltaic  efficiency  of  DSCs. 

4.  Conclusions 

In  conclusion,  GO  can  improve  the  binding  among  Ti02  nano¬ 
particles  and  can  serve  as  an  auxiliary  binder  in  Ti02  pastes.  The  GO 
effect  is  attributed  to  the  interactions  between  the  functional 
groups  of  GO  and  the  surface  species  of  Ti02  nanoparticles.  The 
addition  of  small  amount  of  GO  in  Ti02  pastes  enables  the  fabri¬ 
cation  of  thick  and  crack-free  Ti02  films  via  single  print,  whereas 
four-fold  printings  are  needed  for  Ti02  pastes  without  GO.  Meso¬ 
porous  Ti02  films  fabricated  from  Ti02-GO  pastes  are  used  as  the 
anode  of  DSCs.  The  DSCs  exhibit  similar  photovoltaic  performance 
as  the  control  DSCs  with  mesoporous  Ti02  films  fabricated  from 
Ti02  paste  without  GO  via  four-fold  printings.  The  Ti02-GO  paste 
can  effectively  improve  the  efficiency  for  the  device  fabrication  of 
DSCs  and  reduce  labour  cost. 
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